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ABSTRACT
The accuracy of traffic control radars has been in controversy for 
several years. The purpose of this thesis has been to experimentally 
investigate the contribution of one facet arising from the doppler radar 
returns from automobile wheels. By measuring the electromagnetic 
backscatter profiles o f an assortment o f automobile wheels over a normal 
operational range of viewing angles, the locations of the dominant scattering 
centers on the wheels could be identified. Through knowledge of the 
locations of these scattering centers, velocity error assessments could be 
made.
Light truck and car wheels were the targets examined in this thesis.
A target pedestal was built to support and rotate the wheels and rear-end 
housing. This consisted essentially of a ’68 Mercury differential housing 
with a 2.75:1 gear ratio was used to spin standard 14" and 15" wheels. A 5 
hp dc motor was used to turn the wheels at 1130 rpm for the 
measurements.
A C-band and two X-band CW doppler radar systems were built. 
These radars were operated at frequencies of 6.115 GHz and 9.9 GHz 
respectively, and were used to detect the doppler frequency shifts occurring
xvi
from the rotating wheels.
Measurements were taken for five different hub cap configurations. 
Vertical and horizontal polarizations were initially employed to examine the 
relative spectral characteristics of rotating wheels for look angles varying 
from 0° to 30°. After examination of preliminary data indicated that there 
was little difference between the returns taken in the two polarizations, it 
was determined that only vertical polarization data needed to be amassed. 
Data analysis indicates that the dominant returns from the wheels studied 
occur at look angles in the range 10° - 20°. Depending upon the physical 
characteristics of the hub cap (holes, lug nuts, etc.), the velocity of a vehicle 
as measured by a traffic control radar would have errors on the order of 25 
to 35 % if the dominant return would be occurring from the wheel. Thus, a 
vehicle actually traveling at 55 mph would appear to be traveling 68 to 74 
mph.
CHAPTER 1
INTRODUCTION
Since traffic control radar first appeared on U.S. highways, opponents 
of using radar for purposes of determining vehicle speed have questioned 
the accuracy of such measurements. The limitations of present-day traffic 
control radars are many and must rely on well trained law enforcement 
officials to be of practical use in a real-world setting.
It is the purpose of this thesis to investigate one limitation of traffic 
control radars, that being the errors introduced into speed readings due to 
the returns arising from the wheels on vehicles. The results of this study 
can be used to explain possible discrepancies in vehicle speed between those 
indicated on a traffic control radar and a motorist’s true speed for the 
condition of a radar "locking in" on a vehicle’s rotating wheel.
Through measurements of the relative scattering characteristics of 
rotating wheels, velocity error assessments for the wheels at look angles 
typically encountered in the use of a typical traffic control radar could be 
made. These scattering characteristics were measured for an assortment of 
14" and 15" wheels with hub caps.
To determine the scattering characteristics, i.e., the doppler radar
1
2returns, simplified laboratory CW doppler radars were fabricated from 
existing departmental microwave laboratory equipment. The radars were 
built in the X and C-band frequency ranges to observe the spectral 
characteristics of wheels over widely separated frequency ranges. A bicycle 
wheel was used as a target to take preliminary data and provide 
background material to apply towards the measurements on automobile 
tires.
Spectral data were obtained at look angles of 0 to 30 degrees for both 
vertical and horizontal polarizations. It was deemed necessary to take data 
in both planes of polarization since some typical traffic control radars use 
right-hand circular polarization. However, after comparing the returns 
between the two polarizations from both the bicycle wheel and early 
automobile wheel data, it was found that horizontal polarization was 
comparable to vertical polarization, and therefore only vertical polarization 
data was taken for the remainder of the experiment.
The analyses of the spectral data consisted of examining the 
electromagnetic backscatter in both the time and frequency domains. This 
was made possible through use of a signal analyzer which takes a time 
domain signal and performs an FFT on the signal. A hard copy of the data 
could be obtained through use of a matching pen plotter. The resolutions of 
the radar systems used were high enough to provide radar signatures and 
angular velocity measurements of the wheels.
3It was found that there are dominant ofT-axis spectral returns 
occurring from most all rotating wheels and that these spectral returns 
change as a function of look angle and occur from positions on the hub cap 
which have large discontinuities, especially lug nuts and holes. In 
particular, it was determined that the doppler frequency shifts associated 
with these dominant spectral returns could yield erroneously high velocity 
indications in radar readouts. In other words the radars could be in error 
by typically 25 to 35% if the radars should happen to be "locked-on" the 
wheels.
Chapter 2 gives a brief historical background on the problems of 
traffic control radars. The radar systems built for this study are discussed 
in detail in Chapter 3, and the experimental results are presented in 
Chapter 4. Complete descriptions of the analyses and subsequent findings 
are presented in Chapter 5.
CHAPTER 2
HISTORICAL BACKGROUND OF 
TRAFFIC CONTROL RADAR
During the late 1970’s and early 80’s, the accurate use of traffic 
control radars for the purpose of determining the speeds of moving vehicles 
came under fire. In the courts (1, 2), radar speed measurements have been 
declared as inadmissable evidence because of their operation in such a way 
as to doubt the accuracy of the measurements.
There are various reasons for the problems now present with the use 
of modem day police radars. The police radar industry is highly 
competitive and has been growing. Therefore, a number of "convenience 
features" have been introduced to sell equipment. These "convenience 
features" include auto alert, auto lock and kill-switch features (2).
Auto alert provides a minimum threshold above which the radar will 
provide an audible and visual indication of speed, which lessens the chance 
that the violator will be visually identified.
Auto lock provides an unchanging initial reading of vehicle speed, 
without the ability to track the vehicle’s speed. Since the radar usually 
locks on to the highest speed recorded, an interpretation when more than
4
5one vehicle is in the beam of the radar is impossible.
The kill-switch feature allows the operator to use the radar in a 
momentary use mode. The problem associated with this feature is that 
transients associated with turning the radar on and off may yield false 
readings.
In general, errors associated with the use of traffic control radars are 
varied, and can either be a benefit or detriment to the motorist. Errors can 
be introduced into the readings either by operation in the standing or 
moving modes.
One error that benefits the motorist is the cosine law. The cosine law 
is an effect that is a consequence of the radar measuring speed on a line 
between the antenna and the target. This cosine law underestimates a 
target’s speed by a factor equal to the cosine of the angle between the radar 
and the target.
If the radar system is moving, the strong forward ground reflection is 
used to provide a doppler shift to calculate its speed of travel, which then, 
in turn, is subtracted from the speed of the target. An error could be 
produced in this situation when there is a large amount of ground clutter 
such that a return could occur from the clutter and create erroneous 
readings. In times of heavy rain or snow, the particles of precipitation could 
act as specular reflectors and create erroneous ground speed indications.
The antennas used in police radars typically have beam widths of 15°
6(1). In times of heavy or moderately heavy traffic, more than one target 
may lie within this beam width. If this is the case, the police radar will 
lock on to the dominant return, but an accurate interpretation of this return 
is not possible unless it is known which target is providing the dominant 
return.
Also, the training of operators has been heavily influenced by the 
equipment manufacturers and there have been no national standards set for 
the training of operators.
An error that could benefit or detriment the target occurs if the radar 
oscillator is operating outside of FCC regulations. At present, there are no 
standards set for equipment performance except for the FCC frequency and 
power output requirements and licensing procedures. Since there are no set 
standards for calibration and maintenance of the police radars this lack of 
calibration standard is a distinct possibility for error on many systems.
To aid speeders, many radar detectors have been introduced on the 
market (3). Since the power radiated by the radar follows a R 2 dependency, 
which is the power level received by the detector, and the power received by 
the radar is a portion of the radiated power intercepted by a target and 
reradiated back to the radar receiver which gives a R 4 dependency, range is 
inherently increased without increasing the sensitivity of the detector. 
Therefore, a speed detector has the capability to detect radar transmissions 
long before the radar receiver can detect the presence of the vehicle. The
7only defense that law enforcement has is to operate their radars in a 
momentary mode in which, as previously mentioned, may introduce errors.
There is, however, another possible source of error. This error is due 
to the return off the rotating wheels of a vehicle, and has been the focal 
point of this study. Since the top of the wheel is moving twice as fast as the 
middle of the wheel, and the point of the wheel on the ground has a velocity 
of 0, it seems natural to anticipate a dominant return from the wheel at 
some radius. So, if a dominant return occurs from the upper half of the 
wheel, the radar readout will indicate that the car is traveling faster than 
its actual speed. Thus, the purpose of this study was to experimentally 
identify the dominant scattering centers from a variety of wheels as 
functions of wheel radii and look angles to enable general conclusions about 
probable percentage error in radial velocity measurements due to this cause.
CHAPTER 3
RADAR SYSTEMS
Three similar CW doppler radar systems were built using existing 
equipment from the microwave laboratory at the University of North 
Dakota. Two of the radars were built for use in the X-band frequency range 
and one radar was built for the C-band frequency range to examine the 
relative doppler profiles of rotating wheels at widely separated frequencies. 
These radars were designed to extract only target velocity information.
The X-band radars were monostatic radars utilizing only one antenna 
for transmit and receive. The difference between the two X-band radars 
was the gain of the antenna used. One antenna, referred to as the high 
gain antenna (HGA), was used to look at selected spots on wheels while the 
other antenna, referred to as the low gain antenna (LGA), was used to give 
broad coverages of the entire wheels.
The C-band radar was a bistatic radar using two matched low gain 
antennas. The use of two antennas, one for transmit and one for receive, 
allowed maximum radiated power while allowing adequate LO power 
consistent with the available C-band equipment.
The chapter starts out with a general overview of a typical CW
8
9doppler radar system. Next, the common subsystems of each radar are 
discussed as well as each antenna subsystem. Finally, the separate systems 
are addressed for the purpose of obtaining the range of doppler frequencies 
expected as well as the system power budgets.
3.1 A typical CW doppler radar system
The typical CW doppler radar described in this section is functionally 
the same as that which is described by Skolnik (4). A radar detects objects 
by the transmission of electromagnetic energy and examination of the 
received energy. If there exists a relative velocity between the radar and a 
target, a frequency shift, or doppler shift, occurs. This shift in frequency is 
the basis of CW radar.
The doppler frequency shift is given by:
t3.1] fd = 2y^
c
where fj, = transmitted frequency, vr = relative velocity between the radar 
and the target, and c = speed of light = 3 X 108 m/s.
The relative velocity may be written vr = vcos(a) where a is the angle 
between the velocity vector of the target and the line joining the radar and 
the target and v is the speed of the target. The maximum doppler shift 
occurs when a = 0°.
Figure 1 shows a basic block diagram of a CW doppler radar. The 
transmitter generates a continuous wave (CW) r.f. signal at a frequency 
which is radiated into space by the antenna. The target intercepts a portion
10
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Figure 3.1 - Typical CW doppler radar block diagram
11
of the transmitted signal and scatters the energy with a portion of the 
transmitted energy being reflected toward the radar where it is collected by 
the antenna. If there exists a relative velocity between the radar and 
target, then the reflected energy will be shifted higher in frequency by an 
amount equal to the doppler shift when the target is approaching the radar 
and lower when the target is receding from the radar. The received signal 
enters the radar through the antenna and is mixed with a portion of the 
transmitted signal (Local Oscillator) in the detector to produce a beat 
frequency (IF) of fd. The sign of fd is lost when the frequency is down 
converted. The IF is then amplified and sent to an indicator which can note 
the presence and velocity of the target.
A single antenna is conventionally used for the transmit/receive 
functions as described above. In principle, a single antenna may be used as 
long as the transmissions do not overdrive or otherwise damage the crystal 
mixer. A moderate amount of transmitted signal is required at the detector 
to provide the necessary frequency reference (LO power) from which the 
doppler shift may be extracted. However, there are two factors which limit 
the amount of transmitted power which may leak into the mixer stage. 
These are (1) the maximum power that the detector can tolerate before 
burnout or a reduction in sensitivity occurs, and (2) the amount of noise 
which can be allowed into the detector from the transmitter. Additional 
noise from the transmitter reduces the sensitivity of the receiver.
12
CW radars are conventionally used for velocity-only measurements 
because of the inherent simplicity of design and construction, among other 
reasons.
3.2 Similarities among the radars built
Each of the three radar systems had three technical features in 
common. These were: (1) each system’s received power was governed by the 
radar equation, (2) each system used the same crystal detector as a mixer, 
and (3) the radar cross sectional areas of the targets were assumed to be of 
the same order of magnitude for analytical purposes. These design 
similarities have been broken down into these three steps to clarify 
important aspects of each stage.
The unmodulated, CW signal was transmitted, received, and mixed 
with a portion of the transmitted signal. The difference frequency or 
doppler shift frequency was in the audio range, so the output of the mixer 
was sent to a dynamic signal analyzer and recorded. A functional block 
diagram for the X-band radars is shown in figure 2, and the block diagram 
for the C-band radar is shown in figure 3.
3.2.1 The Radar Equation
The signal power budget relies on the radar equation (4) to predict
the received signal power level. The simplified radar equation is:
[3.2] PR = PtG2c2o
(4n)3R4fKF2
This equation is easier utilized in system power budget calculations
13
Trnnsmit/
Figure 3.2 - Block diagram of X-band radars
14
Figure 3.3 - Block diagram of C-band radar
15
by expressing the equation in dBm (i.e. dB referenced to 1 mW). The 
equation in dBm form is:
[3.3] PRdBm = T^dBm + 20log10(G) + 201og10(c) + 10log10(o)
- 301og10(47i) - 401og10(R) - 20log10(fRK) 
where, PiuBm = received signal power level in dBm,
PTdBm = transmitted signal power level in dBm,
G = gain of the microwave horn antenna, 
c = speed of light = 3xl08 meters/sec,
o = radar cross sectional area of the target in square meters,
R = distance between antenna and target in meters,
[rf = frequency of transmitted signal in Hz.
Before the received signal power level could be calculated, the 
aforementioned parameters had to be established. These parameters were 
governed by the equipment available in the microwave laboratory at UND, 
while ct was established based upon the target under test.
3.2.2 Mixer Subsystem
The mixer stage was one of the most vital stages of the radar system. 
It was from the mixer that the difference or doppler frequencies were 
obtained. For this reason, specifications of mixer conversion loss and noise 
figure needed to be derived to arrive at the system power budgets.
Mixer analysis is non-trivial. Many journal articles (5, 6, 7, 8, 9, 10, 
11, 12) and books (13, 14) were consulted for insight into this problem.
16
Crystal detectors, when used as mixers, act as "square-law" devices, or non­
linear resistors. This non-linearity, caused by the p-n 
junction of the diode, can pose a formidable analysis.
The crystal detector used was an HP423A. This mixer was chosen on 
account of availability and low VSWR. Analysis of the 423A crystal detector 
is made possible by knowledge of the internal structure of the device. A 
simplified diagram is shown in figure 4.
From (13), it is known that the current through the diode is 
proportional to the square of the voltage. The input voltage to the mixer is 
the addition of the received RF signal and the LO signal. Symbolically,
[3.4] ID ~ Vin2 and,
[3.5] Vin = VRP + VLO
Proper mixing will occur if the level of the local oscillator is of 
sufficiently high amplitude with respect to the received signal amplitude. 
Mathematically, this can be expressed as
[3.6] ID «  ( sin(2nfRFt) + X(l/n)sin(n2nfL0t) )2
n
Expansion of equation [3.6] using terms to n = 3 yields the following
result:
[3.7] ID «  85/72 + cos(2n(fRF-fLo)t) - cos(2n(fRF+fLO)t) - l/2cos((2)2rcfRFt) -
7/18cos((2)27cfLOt) - 17/72cos((4)2TcfL0t) - yi8cos((6)2jifL0t) + 
l/4cos(27i(fRF-( 2 )^ )0  - l/4cos(27i(fRF+(2)fLO)t) + l/9cos(2n(fRF-
(3 )^ )0  - l/9cos(2n(fRF+(3)fLO)t) + 5/18008(27^0 - l/4cos((3)27ifU)t)
17
Id
Figure 3.4 - HP 423A Crystal Detector Internal Diagram
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- l/36cos((5)27cfL0t)
As can be seen from the above equation, the sum frequency 
component, cos(2n(fRF+fLO)t), and the desired difference frequency 
component, cos(2jt(fRF-fLO)t), are produced. However, along with the IF 
frequency, there are many other intermodulation products or "idlers" 
produced. These unwanted intermodulation products add to the conversion 
loss of the mixer by taking power away from the IF frequency. Conversion 
loss can be found by taking the ratio of the available RF input power to the 
available IF output power. The sum of the squares of the amplitude 
coefficients in equation [3.7] is 4.144. Since the square of the amplitude 
coefficient for the IF product is 1, the power loss in dB is given by:
[3.8] L = 3 + 101og10(4.144/1) (dB)
where the constant 3 is due to a theoretical half-power loss since a diode 
only conducts over half a cycle. Thus, the conversion loss of the mixer diode 
is L = 9.18 dB. In addition to the conversion loss of the diode, the crystal 
detector also suffers an additional power loss of .19 dB due to an impedance 
mismatch at the input to the device. Therefore, for the crystal detector, 
there is a conversion loss of 9.37 dB.
With the conversion loss of the crystal detector ascertained, the noise 
figure of the mixer was next addressed. Two different approaches were 
used to arrive at the noise figure for the mixer subsystem. One approach 
merely used the conversion loss as a basis for determining noise figure (12)
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while another, slightly more complicated approach took into account noise 
temperature and diode ideal factor (5, 6). It will be shown that the two 
approaches arrive at almost identical values for noise figure.
From Barber (12), noise factor F for the situation of equal source and 
image conductances is given by:
[3.9] F = 1 + IV2
where L is the algebraic conversion loss of the mixer. Thus, noise factor, F, 
is given by:
[3.10] F = 1 + 10(937)/2 = 5.325
Noise figure, NF, is defined as the conversion of the noise factor to 
dB. Equivalently,
[3.11] NF = 101ogIO(F) = 7.263 dB
Alternatively, Henderson’s expression (5, 6) can be used. Henderson 
defines the noise factor as
[3.12] F = 1 + Tm8sb/T0 
with,
[3.13] TmMb/T0 = [(nT/2)(L-l)]/T0
where n is the diode ideal factor, T is the operating temperature of the 
mixer, L is the algebraic conversion loss, and T0 is 290 degrees Kelvin, the 
standard noise temperature. Assuming a diode ideal factor of 1.1 and an 
operating temperature of 298 degrees Kelvin, the values of noise factor and 
noise figure may be calculated. The noise factor of the mixer using this
20
technique was found to be 5.323 which leads to a noise figure of 7.262 dB.
A comparison of the results for the noise factor and noise figure 
shows that both sets of equations lead to virtually identical values. By 
consulting the references (5,6,7,8,9), the approach by Henderson appears to 
be a more generally applicable method if an accurate estimate of the diode 
ideal factor can be made.
However, from (13), there is another component of noise which is 
commonly called 1/f noise which is greatest at low frequencies. Thus, an 
additional 40 dB noise needs to be taken into account for the low IF 
frequency range, (13), which brings the total noise figure for the mixer to 
47.262 dB.
The output impedance of the available crystal detector was specified 
as 15 kQ shunted by a 10 pF capacitor. Measurement of the output 
impedance of the crystal detector showed differently, so 10 kQ was used.
3.2.3 Radar Cross Section of the Target
Next, a value for the radar cross-sectional area of the target needed 
to be determined. It should be stated at the outset that the radar cross 
section of a target is not necessarily the physical area of the target. 
Depending on the transmission and reflection coefficients of targets, two 
targets with equal physical areas may have vastly different radar cross- 
sectional areas. Referring to Skolnik (4), it is noted that the radar cross 
section of a man is 1 square meter while that of a bird is .01 square meters.
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The expected differential frequency resolution capability for the system was 
anticipated to associate with an area of approximately 4" by 8". Since the 
size of a bird is comparable to this, it seemed that a conservative estimate 
of the radar cross-section for the rotating wheel would be .01 square meters. 
It was assumed that the radar cross section would remain the same over 
the X-band and C-band frequency range.
3.3 Antenna Subsystems
The antenna subsystems are an integral part of any radar system. It 
is the antenna which allows the radar to communicate with the outside 
world. The subsystems were limited by available numbers of antennas and 
can basically be grouped into three categories; (1) high gain antenna (HGA) 
at X-band, (2) low gain antenna (LGA) at X-band, and (3) LGA at C-band. 
The usefulness of an antenna is dependant upon adequate illumination of 
the target.
The high gain horn antenna used at X-band had an aperture of 12.7 
cm by 12.2 cm. From Kraus (15), the gain of a horn antenna is given by:
[3.14] D = 7.5(Aperture area)/(wavelength squared)
Operating at 9.9 GHz, the wavelength of operation was 3.03 cm, so the 
directivity of the antenna was 126.55 or 21 dB. Assuming an antenna 
efficiency of .8, the gain of the antenna became 101.24 or 20 dB.
An important parameter to know when using antennas is where the 
near-field-far-field boundary lies. This relationship is given as
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[3.15] R = 2L2/( wavelength)
where L = the length of the antenna. The length of the HGA was 20 cm 
which lead to a far field of 132 cm or 1.3 meters. This range value 
corresponded to the minimum distance from the antenna to the target that 
the radar could be operated.
The half-power beam width in the E-plane of polarization is given by
(15):
[3.16] <}>E = 56/aE
where aE = antenna aperture in the E-plane in free-space wavelengths. The 
half-power beam width in the H-plane of polarization is given by (15):
[3.17] <j)H = 67/aH
where aH = antenna aperture in the H-plane in free-space wavelengths.
Substitution of the appropriate antenna aperture measurements into 
equations [3.16] and [3.17] yielded the following half-power beam widths for 
the high gain antenna: <}>E = 13.36 degrees and = 16.64 degrees.
In an effort to provide sufficiently high return power levels, it was 
decided to take data at a range of 2 meters. At this range, the HGA had a 
linear coverage of 46.85 cm or 18.4 inches in the E-plane and 58.5 cm or 23 
inches in the H-plane.
Both 14 and 15 inch car wheels were used for data taking, which 
meant that the HGA would not uniformly illuminate a wheel, but rather 
would be focused on a particular point on the wheel. This directional
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capability proved to be quite informative when examining the preliminary 
data taken from focusing at the center of the wheel and comparing to the 
data taken from looking at the top of the wheel. It illustrated that the more 
dominant returns occurred at the areas of large discontinuities.
Also used at X-band was a low gain antenna. The dimensions of this 
antenna were 3.2 cm by 4.3 cm. Thus, the gain of this antenna was found 
to be 11.24 or 10.5 dB. The LGA was 5 cm long, which corresponds to a far 
field of 8.25 cm.
Using equations [3.16] & [3.17], <|)E = 39.5 degrees and <))H = 63.5 
degrees. This leads to a target coverage of 143.6 cm or 56.5 inches in the E- 
plane and 247.5 cm or 97.45 inches in the H-plane.
Actual antenna radiation patterns for the HGA and LGA in both 
horizontal and vertical polarizations were taken later in the research during 
favorable weather and have been included in appendix A for completeness.
The gain for the matched antennas used at C-band was found using 
another method. Previous studies done at UND provided the antenna 
radiation patterns in both the E and H planes for these antennas which 
have been included in appendix A. Therefore, the following equation may 
be used to calculate the gain of these antennas (15):
[3.18] G = 41000/(<}>HpE<]>Hph)
For the C-band antennas, «])hpe = 63° and <J>hpH = 126° which gives a gain of
5.16 or 7.13 dB.
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At a range of 2 meters, the coverage in the E-plane was 245 cm or 
2.45 meters and 5 meters in the H-plane.
3.4 Systems Analysis
In this section, each of the three radars will be discussed in detail, 
regarding the equipment used, the range of doppler frequencies expected, 
and the system power budgets.
The system power budget for a radar system involves calculations 
which yield expected power level returns for the received signals. Also, a 
noise power budget is calculated for the system. With these power levels, 
the signal to noise ratio at the signal analyzer can be predicted.
3.4.1 X-band radars
The range of doppler frequencies over which returns were 
expected were governed by the angular velocity of the wheel. The equation 
which gave the doppler frequency shift of the X-band systems as a function 
of the angular velocity of the wheel in RPM (Q) and the radius in inches (R) 
derived from equation [3.1] is:
[3.19] fD = 0.17555nRcos(a) Hz
where a is the relative angle between the target and the radar. It was 
anticipated for the preliminary data taken with the bicycle wheel that the 
dominant returns would occur between the top of the wheel (R = 12.75 in.), 
and at R = 9cos(30°) inches. For the bicycle wheel, a masking was made 
from sheet aluminum to cover spokes close to the center of the wheel,
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allowing only the outer radii spokes to be seen by the radar. The masking 
of the bicycle wheel stopped at 9 inches and the angle dependency was to 
accommodate returns corresponding to velocity vectors which could be at an 
azimuthal angle to the radar antenna. To explain this further, refer to 
figure 5. The velocity vector at the top of the wheel is at an azimuthal 
angle of 0° with the radar. The velocity vector coming from the top of the 
mask is also at 0°, but the other vector off the mask is at an azimuthal 
angle 13 with the radar. The 30° angle in equation [3.19] was later expanded 
to 45° after it was noticed that there were dominant returns which would 
occur in this extra 15° of angle. The full range of expected doppler 
frequencies for the bicycle wheel was graphed using equation [3.19] and is 
included in figure 6 for an Q = 360 RPM.
Both radars used in the X-band frequency range used the same 
2K25A klystron as the r.f. signal source, an E-H tuner, an H-plane tee, a 
frequency meter and detector as the microwave hardware. Since the only 
difference between the two X-band radars was the antenna used for 
transmit and receive, the similar X-band hardware will be discussed only 
once. (Figure 2 may help the reader to understand the following 
paragraphs more clearly).
The 2K25A klystron was found to have an output signal power of 12.2 
dBm (10.9 mW) at a frequency of 9.9 GHz. The output of the klystron was 
passed through an E-H tuner to match it to the waveguide in the TE10
26
(a) Side view
-wheel
Figure 5 - Velocity Vector Diagram for Determining F.xpected Doppler 
Frequency Ranges
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for X -band system
Figure 6 - Expected Range of Doppler Frequencies for X-band 
Radars and Bicycle Wheel
2 8
mode, and was then connected to the H-arm of an H-plane tee. The signal 
then divided between the two arms of the tee, for a loss of three dB in each 
direction (16). One arm of the tee was connected to a horn antenna and the 
other arm was connected to the crystal detector. Thus, the signal power at 
the detector and at the horn antenna was 9.2 dBm. The signal power at the 
detector served as the local oscillator level and the signal power at the 
antenna served as the total transmitted power. Therefore, PTdBm = 9-2 dBm.
As stated previously, the HGA had a minimum far field of 1.2 meters. 
Since PR fell off as R 4 the maximum range of the radar was limited by the 
desired signal to noise ratio at the signal analyzer. For the experiments, 
the operational range of the system was set at 2 meters.
Now, after establishing all the necessary parameters of the radar 
equation, an estimate of the received power, PT, was made. This received 
signal power became -53.9 dBm for the X-band radar with the HGA at a 
range of 2 meters. This received power level needed to be lowered by the 
9.37 dB mixer conversion loss to obtain the signal power level at the signal 
analyzer, which became -63.3 dBm.
In a similar manner, the noise power of the system was calculated. 
Using the kTB noise of the crystal detector as the noise power source, the 
only question that needed to be answered was "What is the noise bandwidth 
of the system?".
The answer to that question was found in the manual for the
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HP3165A dynamic signal analyzer. The noise filter bandwidth was said to 
be .955 times the displayed frequency span on the analyzer. Since a span 
width of 1000 Hz was used for almost all data taken, a noise bandwidth of 
955 Hz was used, which, when referenced to 1 mW yielded kTB = -144.2 
dBm. Also, the noise figure for the mixer had to be included. All together, 
the noise power level of the system became -96.94 dBm. As can be seen 
from the above procedure, the noise power level was the same for both X- 
band radars; and as will be shown, was the same for the C-band radar also.
To maintain a signal to noise ratio of 10 dB, the received power levels 
had to be above -86.94 dBm. Since the expected signal power at a range of 
2 meters was -63.3 dBm, the maximum range of the radar became 7.8 
meters or 25.6 ft.
The signal and noise power levels for the HGA X-band radar can be 
seen on a component to component level by referring to figure 7.
A similar analysis was made for the LGA X-band radar. Thus, the 
received power level at the signal analyzer became -72.9 dBm using the 
LGA. With the low gain antenna, the maximum range of the radar became 
4.5 meters or 14.7 feet.
The signal power levels for the LGA X-band radar can be seen on a 
component to component level by referring to figure 8.
3.4.2 C-band Radar
This section parallels section 3.4.1 very closely. Therefore, it has
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-63.37-96.94 -53.97-144.2
hga-53.9 1 rnnsml \J
Note: All signal/power levels are
expressed in dBm
Figure 3.7 - Power Budget Diagram for HGA X-band Radar
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been edited for brevity. The expected range of doppler frequencies for the 
C-band are shown, followed by the equipment used to build the C-band 
radar, and the section concludes with the power budget analysis for this 
system.
For the C-band system, the doppler frequency shift is given by:
[3.20] fD = 0.10843QRcos(a) Hz
where R, £7, and a are as defined previously. The expected range of doppler 
frequencies derives from the same process as the range for the X-band 
radars where it was assumed that the value of R was in the range of 
9cos(45°) < R <. 12.75 inches and Q = 360 RPM. This gave a range of 
doppler frequencies for the bicycle wheel as illustrated by figure 9.
The C-band radar used a VA222F reflex klystron operating at a 
frequency of 6.115 GHz at an output power level of 24.5 dBm (282 mW). 
Referring to figure 3, the output of the klystron was sent to a 20 dB 
directional coupler. The feed through of the directional coupler was 
connected to the transmit antenna through waveguide plumbing to achieve 
an unattenuated output power of 24.5 dBm. One arm of the 20 dB coupler 
was matched in a dummy load to prevent a reflection back into the system, 
while the other arm was connected to the E-plane arm of a magic (hybrid) 
tee to provide a LO level to the mixer.
The magic tee (16) was used as a power combiner in this application. 
The E-arm was connected to the directional coupler while the H-arm was
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Figure 9 - Expected Range of Doppler Frequencies for C-band Radar 
and Bicycle Wheel
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connected through more waveguide plumbing to the receive antenna. One 
feed through branch was connected to a frequency meter to determine the 
frequency of oscillation, while the other branch connected the waveguide 
system to the crystal detector.
The output of the crystal detector was connected via cabling to the 
signal analyzer which could output to a pen plotter for data recording.
By substitution of the appropriate parameters into the radar equation
[3.3], the C-band received signal power level became -52.443 dBm. By 
subtracting the 9.37 dB mixer conversion loss and the 3 dB signal power 
loss due to the hybrid tee, the total power at the signal analyzer became - 
64.8 dBm.
In calculating the noise power level for the C-band system, it was 
seen that the mixer thermal noise (kTB), would be the same value as for the 
X-band radars. Thus, the noise power at the signal analyzer became -96.94 
dB.
The maximum range of this radar system was 7.15 meters or 23.5 ft.
The reader is referred to figure 10 for signal and noise power levels
on a component basis.
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Note: All signal/noise power levels 
are expressed in dBm
Figure 3.10 - Power Budget Diagram for C-band Radar
CHAPTER 4
EXPERIMENTAL RESULTS
The data obtained through experiments contain both time and 
frequency domain information. The time domain data are useful for 
determining the angular velocities of the wheels and for the specular 
returns off the wheels at different points, while the frequency domain data 
are useful for determinations of the doppler frequency components, and the 
relative magnitudes of the doppler frequency components. Due to the lack 
o f a standard doppler target, calibrated measurements were not possible, so 
only relative measurements could be taken.
Problems encountered while taking data included vibration of the 
target pedestals, and 60 cycle hum. Vibration of the stand proved to be of 
little problem for the data taking, as the number of vibrations of the target 
were about 200 per minute which was of a much lower frequency than the 
expected range of doppler frequency shifts.
The problem of 60 cycle hum in the system proved to be a much more 
difficult problem to solve. While taking preliminary data in the Upson II 
engineering building, a large amount of 60 cycle hum was detected during 
one run. Even with the antenna pointing at a wall, the received signal was 
extremely rich in 60 cycle harmonics. It was noted that large fans were
36
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operating in the building, and this was deduced as the cause of this 
problem. Data taking was able to resume after the fans were temporarily 
shut down.
This chapter presents the data taken to corroborate the thesis. First, 
the preliminary data using the bicycle wheel are given in condensed form, 
and then the data using the automobile wheels are given for the radar 
systems.
4.1 Preliminary Data - Bicycle Wheel
Preliminary data using a rotating bicycle wheel as the target were 
taken to provide base information about the doppler frequency shifts from 
rotating wheels. Also, since the target pedestal for the bicycle wheel was 
much smaller than that for the automobile wheel, it was possible to take 
data indoors, away from the weather elements. A large amount of data was 
taken in the commons area of Upson II, since this was the most open area 
in the engineering buildings. Pictures showing the bicycle pedestal with 
and without the masking are included as figure 11. The X-band HGA and 
LGA radars are combined into figure 12, and the C-band radar is shown in 
figure 13.
The expected range of doppler frequencies was discussed in section
3.4.1 and illustrated in figure 6 for the X-band radars, and discussed in 
section 3.4.2 and illustrated in figure 9 for the C-band radar. When 
analyzing the data for different radars and polarizations, only frequencies
(a) bicycle wheel without mask
(b) bicycle wheel with mask 
Figure 11 - bicycle wheel pedestal
(a) X-band HGA radar
(b) X-band LGA radar
F i g u r e  12 - X - b a n d  r a d a r  s y s t e m s
4 0
Figure 13 C-band radar system
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lying in these ranges were assumed to be caused by the doppler effect. 
Analysis of data begins with the X-band HGA radar.
4.1.1 X-band HGA Radar
As previously stated, the HGA was used to focus the radar beam on a 
small area of the wheel. With this highly directive antenna, comparisons 
between different points on the wheel could be made. Included in this 
section are graphs depicting the magnitudes of the dominant doppler return 
as well as the frequencies of the dominant returns. Data were taken in 
both the vertical and horizontal planes of polarization, with and without the 
masking, and with the beam focused at the top of the wheel and at the 
middle of the wheel. Figures 14 through 21 graphically depict the results of 
the preliminary data taking. Representative samples from the actual data 
printouts are included in Appendix B.
4.1.2 X-band LGA Radar
The LGA radar was used to uniformally illuminate the rotating wheel 
and to compare against the HGA radar. Results for the case of vertical 
polarization, with and without the masking, for the LGA are given. Figure 
22 is for the bicycle wheel without masking and figure 23 is for the bicycle 
wheel with masking. The curves for horizontal polarization using the LGA 
are not included as they are almost identical in form with the curves for the 
HGA, except that the magnitudes of the dominant returns are lowered by 
approximately 12 dB due to the differences in antenna gains. Again,
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Figure 14 -  Preliminary Data
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X—band Radar, Bicycle Wheel
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X—band Radar, Bicycle Wheel
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X—band Radar, Bicycle Wheel
V *r l l i* i1 P o l a r i z a t i o n ,  n o  M ark ing ,  I .HA
X—band Radar, Bicycle Wheel
V o r t ic a l  P o l a r i z a t i o n ,  n o  Manltlng, IT.A
Figure 22 - Preliminary data
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samples of the actual data printouts are included in Appendix B.
4.1.3 C-band Radar
Although typical traffic control radars operate in the X and K 
frequency bands which are of much higher frequencies, the C-band radar 
was used due to availability of equipment to make a comparison of doppler 
shift data over widely separated frequency ranges. Due to equipment 
limitations, only vertical polarization data were taken with the C-band 
radar. Figure 24 graphically displays the magnitudes and frequencies of 
the dominant returns of the C-band data for the bicycle wheel without 
masking and 25 displays the results for the bicycle wheel with masking. 
Selected recorded data have been included in Appendix B.
4.1.4 Preliminary Data Analyses
With the data incorporated into graphs, comparisons between 
different target configurations were easily achieved. Analyses are given in 
general terms, with only extreme data differences being noted.
The data taken with the X-band radar using vertical polarization 
indicate that as the look angle between the radar and the target increases, 
the magnitude of the dominant return increases due to the target having a 
larger radar cross-sectional area at larger angles, and the frequency of the 
dominant return decreases due in part to the cosine law. Another reason 
for a decrease in the frequency of the dominant return is that as the look 
angle increases, the dominant scattering centers on the wheel move toward
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the center of the wheel.
In the horizontal plane of polarization for the X-band radar, the 
graphs are more jagged, with the exception of figure 19 which is very 
smoothly rounded. It appears as though phase cancellation occurs to a 
larger extent in the horizontal plane of polarization than in the vertical 
plane, producing lower magnitude returns. Peaks usually occur in the 
horizontal plane around 20° and 35°, with exceptions being in figure 21 
where a deep null occurs at 20° in the magnitude plot, most likely from 
phase cancellation, and in figure 19 where the peaks are at look angles of 
25° and 40° in the magnitude graph, and the frequency graph rolls off very 
smoothly.
A point of interest between the vertical and horizontal polarization 
data is that the vertical data typically displays a 10 dB larger magnitude 
reading than the horizontal data, which indicates that vertical polarization 
yields the "more dominant" return between the two different polarizations. 
Since most radar receivers are circularly polarized, it appears that the 
vertical polarization component will dominate. Thus, it was concluded that 
only vertical polarization needed to be applied towards taking data with the 
automobile wheels.
The C-band graphs are of the same form as the X-band vertical 
polarization graphs, with differences being in the magnitude levels and 
frequency scale. The C-band graphs are generally smoother than the X-
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band data, a result of the longer wavelength and less resonance effects.
This smoothing out of the data can be readily seen by observing the time 
domain returns from the wheel which have been included in Appendix B. 
The C-band’s time domain returned response is much smoother than its X- 
band counterpart.
With these types of observations completed, a more detailed analysis 
is in order. More precisely, determinations of where on the wheel the 
dominant scattering centers lie were needed to calculate the apparent linear 
velocities (the speeds that would be read by a traffic control radar). Since 
the dominant returns were graphed, the corresponding doppler shift 
frequencies could be determined. By knowing the doppler frequency shift 
(fD) in Hz, the angular velocity of the wheel (Q) in RPM, and the look angle 
(a) in degrees, the locations of the dominant scattering centers could be 
calculated by solving for R in equations [3.19] & [3.20]. The equations that 
resulted are:
[4.1] R = 5.696fr
f2cos(a)
[4.2] R = 9.222fr
ftcos(a)
for the X-band and C-band radars respectively, where R is in the unit of 
inches.
To calculate the apparent linear velocity of the wheel and the "actual" 
velocity of the wheel, the following equation was used.
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[4.3] V = kQRcos(a)
where k is a constant due to unit conversions, and k = 0.0059499. Keep in 
mind that to calculate the "actual" velocity of the wheel, R must be taken 
from the ground to the center of the wheel, or 12.75 inches for the bicycle 
wheel.
The calculations of the locations of the dominant scattering centers, 
apparent and actual linear velocities, and percent error between apparent 
and actual velocities were made for the X-band HGA, X-band LGA, and the 
C-band data, and are presented in that order. Below, the calculations have 
been done for only the maximum return values on the graphs from all three 
radars, and Q = 360 RPM for all the bicycle data.
For the X-band HGA radar, four different cases are discussed which 
involve the antenna pointing at the middle or top of the wheel, and with or 
without the mask. Since the return magnitudes for the vertical polarization 
were much larger than for horizontal polarization, only the vertical cases 
were analyzed. Figures 14, 16, 18 & 20 are referenced in the following 
analysis.
From figure 14, the maximum return occurred at a look angle of 50°, 
and at a frequency of 275 Hz. Substitution of Q = 360, a = 50°, fD = 275 into 
equation [4.1] gave R = 6.77". Thus, the location of the dominant scattering 
center was at a radius of 6.77". To calculate the apparent velocity, equation
[4.3] was used with R = 12.75" + 6.77" = 19.52". The reason for the addition
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of the radius of the wheel to the location of the dominant scattering center 
should be apparent by referencing figure 26, which illustrates the 
determination of the actual velocity of the wheel (i.e. what the car’s speed 
would be), and how the apparent velocity can be determined. The result 
was an apparent velocity V.pp.,^ = 26.87 mph, and an actual velocity, V.rtual 
= 17.55 mph. This lead to a percent difference of 53.1% between the actual 
and apparent velocities.
Figure 16 shows the maximum return occurring at a = 45°, with fD = 
433 Hz. The location of the dominant scattering center was at 9.69", which 
lead to an apparent velocity of 33.99 mph. The actual velocity calculated to 
be 19.31 mph, or a difference of 76%.
Figure 18 has a dominant return at a = 55°, and fD = 423 Hz. The 
dominant scattering center was at 11.67" (very close to the top of the 
wheel), the apparent velocity was 30 mph, the actual velocity was 15.66 
mph, and the percent difference between the two velocities was found to be 
91.6%.
Likewise, a = 45° and fD = 420 Hz for figure 20. The dominant 
scattering center was located at a radius of 9.4", and the apparent velocity 
was 33.55, the actual velocity was 19.31, and the percentage difference was 
73.7%.
The data for the LGA were analyzed in a similar manner, for the case 
of vertical polarization, and either with or without the mask. From figure
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Vij = (angular velocity of wheel) (r + H)
= linear velocity of dominant scattering radius 
Vj2 = (angular velocity of wheel) (r + R) cos ( c<)
= apparent velocity component as seen by radar 
V21 = (angular velocity of wheel) (R)
= linear velocity of wheel center 
V22 = (angular velocity of wheel) (R) cos (c< )
= actual velocity of wheel as seen by radar
Figure 26 - Wheel dynamics used to calculate actual and 
apparent wheel velocities.
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22, a = 45° and fD = 435 Hz. The location of the dominant scattering center 
was found to be at a radius of 9.73". The apparent velocity was 34.05 mph, 
the actual velocity was 19.31 mph, and the percent difference between the 
velocities was 76.3%.
Figure 23 shows a dominant return at a = 55° and fD = 405 Hz. The 
dominant scattering center was found to occur at a radius of 11.17", which 
was almost on the outer rim of the wheel. The apparent velocity was 29.39 
mph, the actual velocity was 15.66 mph, so the percent difference was 
87.7%.
Figures 24 and 25 are used to make these calculations for the C-band 
radar. Note that, at the dominant return, both graphs have the same value 
for a, and for fD. Since these are equal, the scattering center will be in the 
same position for each graph. The location of the dominant scattering 
center for the C-band radar, for a = 55 and fD = 215 Hz, was at a radius of 
9.6". This lead to an apparent velocity of 27.46 mph, an actual velocity of 
15.66 mph, and a difference of 75.4%.
The main conclusion arrived at by analyzing the preliminary data 
was that horizontal and vertical polarization yielded similar results and, 
therefore, only vertical polarization data needed to be taken on the 
automobile wheels.
Also, these preliminary data suggested that the radar systems which 
had been designed and built were operating properly and that data on the
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actual targets, i.e., the automobile wheels, could commence.
4.2 Automobile wheel data
Automobile wheels differ considerably in physical appearance from 
bicycle wheels, which suggests that the radar returns from automobile 
wheels should be considerably different from those of bicycle wheels. This 
section discusses the returns occurring from automobile wheels.
Radar is reflected by sharp discontinuities, and it stands to reason 
that dominant returns should occur at discontinuity regions on the wheel. 
These discontinuities include but are not limited to lug nuts, holes in hub 
caps, and the transitions from the metal rims to the rubber tires. It was 
found that dominant returns do not occur from the tires, but rather from 
the metal rims and hub cap areas, a consequence of the absorbent nature of 
rubber. Therefore, it was concluded that an assortment of different hub 
caps needed to be scrutinized to draw general conclusions about radar 
returns from automobile wheels.
Five different hub caps were used to provide a generic sampling of 
wheel configurations. The hub caps used were: 1) Ford pickup hubcap, 2) 
Ford hub cap with a large hub protrusion referred to as the "Big Hub” in 
the thesis, 3) Ford LTD hub cap, 4) spoked hub cap from a 1984 Oldsmobile 
Cutlass, and 5) grooved rim from a 1988 Chevrolet Celebrity. These hub 
caps were mounted on wheels, and then rotated on a target pedestal. The 
target pedestal was built to support the rear-end housing and the dc motor
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used to spin the wheels, as shown in figure 27. Pictures of each hub cap are 
presented in figures 28 - 32.
Collected data are presented first for the 15" wheel with hub caps, 
and then for the 14" wheel configurations. Complete data sets for the 
automobile wheel configurations have been included in appendix C. For 
each case, a table has been developed to show all dominant doppler returns 
at different look angles. In addition, the locations of the dominant 
scattering centers and the percentages of velocity error are included in the 
tables. The angular velocity of the wheel for each data set was Q = 1130 
rpm. Each section gives a physical description of the individual hub caps, 
and presents radial dimensions for distinguishing characteristics of each 
wheel. Measurements of the automobile wheels were made with the X-band 
LGA and C-band radars.
By examining the spectral data from this assortment of diversely 
shaped hub caps, general conclusions were drawn about velocity error 
assessments from rotating wheels.
4.2.1 15" Ford pickup wheel data
This was the first automobile wheel which was examined in this 
study. Thus, this wheel was carefully scrutinized and was used to test the 
hypotheses arrived at in the bicycle wheel sections. Returns in both 
horizontal and vertical polarizations were recorded with the X-band LGA 
radar and vertical polarization data were taken with the C-band radar.
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(a) front view
(b) side view
Figure 27 - Automobile wheel pedestal
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Figure 28 15" Ford pickup hub cap
6 5

Figure 31 - 14" Oldsmobile hub cap
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Figure 32 - 14" Chevrolet Celebrity wheel
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This wheel had three distinguishing features which were: 1) fins 
extending from the hub to the outer rim, 2) lug nuts on the wheel, and 3) 
holes cut in the wheel. The fins extended outward from a radius of 2.25", 
the lug nuts were located at a radius of 3.75", and the cut out holes began 
at a radius of 5".
Vertical polarization data were taken in look angle increments of 5° 
from 0° to 30°, while carefully observing the returns as the radar was swept 
through the angles, looking for any dominant returns which would occur 
between the 5° increments. The most dominant return was found to occur 
at a look angle of 13° (figure 33) and have a fu = 925 Hz. Substitution into 
equation [4.1] gave the radial location of the dominant return as 4.78". 
Referring to figure 28, it can be seen that the top of the lug nuts on this 
hub cap were at that radius. Thus, the lug nuts on this hub cap presented 
a large radar cross section at a look angle of 13°. The velocity error 
assessment at this angle was 33%.
Almost as large a return occurred at a look angle of 15°. The 
frequency of that dominant return was 650 Hz, which lead to R = 3.39", the 
radial location of the bottom of the lug nuts present on the hub cap. The 
velocity error for this return was 23.4 %.
Table 1 includes all the data taken for this case, as well as the radial 
positions for the dominant returns and corresponding velocity error 
assessments for each look angle position.
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15" Ford pickup wheel data
13° look angle, vertical polarization
X-band radar, 1130 RPM
Figure 33 - Automobile wheel data
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Table 1
15" Ford pickup wheel
X-band, Vertical Polarization
Look
Angle
(degrees)
Frequency 
of Dominant 
Return 
(Hz)
Magnitude 
of Dominant 
Return 
(dBV)
Location 
of Dominant 
Scattering 
Center 
(inches)
Velocity
Error
Percentage
(%)
0 914 -88.6 4.61 31.77
5 895 -83.3 4.53 31.23
10 915 -84.45 4.68 32.30
13 925 -80.43 4.79 33.00
15 650 -78.73 3.39 23.39
20 650 -78.93 3.49 24.05
25 920 -87.08 5.12 35.29
30 465 -84.23 2.71 18.67
Table 2
15" Ford pickup wheel 
X-band, Horizontal Polarization
Look
Angle
(degrees)
Frequency 
of Dominant 
Return 
(Hz)
Magnitude 
of Dominant 
Return 
(dBV)
Location 
of Dominant 
Scattering 
Center 
(inches)
Velocity
Error
Percentage
(%)
0 915 -86.63 4.61 31.81
5 920 -89.63 4.66 32.10
10 840 -92.2 4.30 29.65
15 660 -75.59 3.44 23.75
20 370 -78 1.98 13.69
25 660 -82.08 3.67 25.32
30 285 -81.91 1.66 11.44
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In a similar manner, data were taken using horizontal polarization, 
and the results have been included in table 2. The dominant return for this 
polarization occurred at a look angle of 15°, and was at a frequency of 660 
Hz. This resulted in R = 3.44" or a velocity error of 23.7 %.
Since the horizontal polarization resulted in similar values of 
dominant returns, it was decided that indeed, just as was concluded from 
the preliminary data, only vertical polarization data needed to be taken.
The C-band data analysis yielded similar results. The dominant 
return occurred at a look angle of 25°, which corresponded to R = 2.52", and 
a velocity error of 17.4 %. Complete results are included in table 3.
Once again, the dominant return occurred at an easily identifiable 
location on the wheel. The wavelength for the C-band radar was 5 cm, and 
the radial position of 2.52" was where the "fins" on the hub cap were 
separated by 5 cm.
4.2.2 15" "Big Hub" wheel data
The "big hub" hub cap also had three distinguishing features which 
can be viewed in figure 29. The lug nuts were located at a radius of 2.5", a 
seam in the cap was at a radius of 3.5", and the holes in the hub cap began 
at a radius of 5.75".
The "big hub" data results have been included into tables 4 and 5 for 
the C-band and X-band LGA radars respectively. Due to the large lug nuts 
and holes in this hub cap, it was expected that this hub cap would yield
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Table 3
15" Ford pickup wheel
C-band, Vertical Polarization
Look
Angle
(degrees)
Frequency 
of Dominant 
Return 
(Hz)
Magnitude 
of Dominant 
Return 
(dBV)
Location 
of Dominant 
Scattering 
Center 
(inches)
Velocity
Error
Percentage
(%)
0 1155 -74.67 9.43 65.01
5 915 -74.15 7.50 51.70
10 1170 -73.7 9.70 66.87
15 275 -56.72 2.32 16.02
20 280 -53.13 2.43 16.77
25 280 -49.31 2.52 17.39
30 280 -50.78 2.64 18.20
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Table 4
15" "Big Hub" wheel
C-band, Vertical Polarization
Look
Angle
(degrees)
Frequency 
of Dominant 
Return 
(Hz)
Magnitude 
of Dominant 
Return 
(dBV)
Location 
of Dominant 
Scattering 
Center 
(inches)
Velocity
Error
Percentage
(%)
0 920 -77.08 7.51 51.78
5 955 -74.23 7.82 53.96
10 910 -74.57 7.54 52.01
11 760 -71.22 6.32 43.58
15 190 -62.93 1.61 11.07
20 752.5 -58.68 6.54 45.07
25 755 -53.73 6.80 46.89
30 92.5 -53.31 0.87 6.01
Table 5
15" "Big Hub" wheel 
X-band, Vertical Polarization
Look
Angle
(degrees)
Frequency 
of Dominant 
Return 
(Hz)
Magnitude 
of Dominant 
Return 
(dBV)
Location 
of Dominant 
Scattering 
Center 
(inches)
Velocity
Error
Percentage
(%)
0 1171.88 -89.65 5.91 40.74
5 1195.3 -83.61 6.05 41.71
10 925 -85.09 4.73 32.65
15 378.1 -76.5 1.97 13.61
20 475 -77.11 2.55 17.57
23 760 -75.71 4.16 28.70
25 475 -77.01 2.64 18.22
28 750 -77.25 4.28 29.53
30 190 -76.39 1.11 7.63
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very specular returns. However, in reviewing tables 4 and 5, it can be seen 
that this was not the case. One reason for this lack of spectral returns is 
that the "big hub" was made of a plastic type material, rather than metal. 
Figures 34, 35 and 36 are examples of the dominant returns arising from 
the "big hub".
4.2.3 14" Ford LTD wheel data
The LTD hub cap was very smooth as can be seen in figure 30. The 
only "rough" features on this hub cap were the fins along the outer edge of 
the cap. These fins began at a radius of 5.5" and ended at a radius of 7". 
Since the rest of the wheel was so smooth, the dominant returns were 
expected to occur in the region of the fins.
Tables 6 and 7 contain the data analysis for the C-band and X-band 
radar data for the LTD hub cap. Notice that the locations of the dominant 
scattering centers for both the C and X-band radars lie in the "fin" region of 
the hub cap. This hub cap was extremely useful for making velocity error 
assessments since almost all the returns occurred from the same radial 
region. Figures 37 and 38 are two examples of the dominant returns which 
occurred from this hub cap.
4.2.4 14" "spoked" Oldsmobile wheel data
Due to the large number of hub caps which have spoke patterns, it 
was deemed necessary to investigate the radar returns from such a hub cap. 
This hub cap had many different features as can be seen by examining
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15" "big hub" wheel data
11° look angle, vertical polarization
C-band radar, 1130 RPM
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15" "big hub" wheel data
15° look angle, vertical polarization
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Table 6
14" Ford LTD hub cap
C-band, Vertical Polarization
Look
Angle
(degrees)
Frequency 
of Dominant 
Return 
(Hz)
Magnitude 
of Dominant 
Return 
(dBV)
Location 
of Dominant 
Scattering 
Center 
(inches)
Velocity
Error
Percentage
(%)
0 955 -75.41 7.79 59.95
3 955 -70.33 7.80 60.03
5 970 -72.95 7.95 61.13
10 1106.25 -70.76 9.17 70.52
15 820 -70.62 6.93 53.29
20 950 -70.26 8.25 63.47
25 680 -62.29 6.12 47.10
26 692.5 -62.27 6.29 48.37
27 645 -63.61 5.91 45.44
28.5 680 -59.2 6.31 48.58
30 655 -59.48 6.17 47.48
Table 7
14" Ford LTD hub cap 
X-band, Vertical Polarization
Look
Angle
(degrees)
Frequency 
of Dominant 
Return 
(Hz)
Magnitude 
of Dominant 
Return 
(dBV)
Location 
of Dominant 
Scattering 
Center 
(inches)
Velocity
Error
Percentage
(%)
0 2101 -85.77 10.59 81.47
5 1054.7 -84.37 5.34 41.05
10 953.1 -90.4 4.88 37.53
15 1023 -83.48 5.34 41.07
20 1020 -77.98 5.47 42.09
24 1025 -77.58 5.66 43.51
25 1020 -79.23 5.67 43.64
30 1035 -83.5 6.02 46.34
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1A" Ford LTD wheel data
28° look angle, vertical polarization
X-band radar, 1130 RPM
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14" Ford LTD wheel data
25° look angle, vertical polarization
C-band radar, 1130 RPM
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figure 31. There were two different radii from which the spokes radiated, 
namely at 2.25" and 3.5", the spokes criss-crossed at 4.5" and 5.5", and 
terminated on the rim of the hub cap at 7". With so many locations of 
dissimilarity, this hub cap proved to be very specular.
Tables 8 and 9 contain the data obtained from this hub cap. Notice 
that the C-band radar appears to be locked in on approximately the same 
scattering center, while the returns from the X-band radar indicate that the 
dominant scattering center moves on the wheel.
This hub cap did indeed behave much like the bicycle wheel, in that 
there were many large frequency spikes occurring in the data. These spikes 
were due to reflections from the spokes at different radii. Thus, it has been 
concluded that, as far as the radar return is concerned, a spoke is a spoke. 
Figures 39 - 47 illustrate the dominant returns which occurred from this 
hub cap.
4.2.5 14" Chevrolet Celebrity wheel
This rim was chosen on the basis of being one of the more popular 
new car rims on the street, and because of the apparent scattering centers 
on the wheel. Figure 32 shows the wheel discussed in this section. Before 
taking data, it appeared as though the lug nuts and the holes would be the 
primary locations on the wheel where radar would be reflected.
Tables 10 and 11 contain the data taken on this wheel. As expected, 
this wheel had very specular returns. Dominant spectral lines appeared for
8 3
Table 8
14" spoked Oldsmobile hub cap
C-band, Vertical Polarization
Look
Angle
(degrees)
Frequency 
of Dominant 
Return 
(Hz)
Magnitude 
of Dominant 
Return 
(dBV)
Location 
of Dominant 
Scattering 
Center 
(inches)
Velocity
Error
Percentage
(%)
0 270 -68.94 2.20 16.95
5 265 -64.56 2.17 16.70
8 260 -58.8 2.14 16.48
10 265 -57.01 2.20 16.89
15 262.5 -51.66 2.22 17.06
20 267.5 -49.35 2.32 17.87
25 267.5 -54.49 2.41 18.53
30 532.5 -50.82 5.02 38.60
Table 9
14" spoked Oldsmobile hub cap 
X-band, Vertical Polarization
Look
Angle
(degrees)
Frequency 
of Dominant 
Return 
(Hz)
Magnitude 
of Dominant 
Return 
(dBV)
Location 
of Dominant 
Scattering 
Center 
(inches)
Velocity
Error
Percentage
(%)
0 320 -86.07 1.61 12.41
5 945 -83.64 4.78 36.78
10 257.8 -85.58 1.32 10.15
15 273.4 -83.05 1.43 10.97
20 530 -78.2 2.84 21.87
25 530 -76.01 2.95 22.68
30 265 -75.6 1.54 11.86
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14" '84 Cutlass Cierra wheel data 
5° look angle, vertical polarization 
X-band radar, 1130 RPM
F i g u r e  3 9  - A u t o m o b i l e  w h e e l  d a t a
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14" '84 Cutlass Cierra wheel data 
25° look angle, vertical polarization 
X-band radar, 1130 PRM
Figure 40 - Automobile wheel data
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14" '84 Cutlass Cierra wheel data 
30° look angle, vertical polarization 
X-band radar, 1130 RPM
F i g u r e  41 - A u t o m o b i l e  w h e e l  d a t a
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14" '84 Cutlass Cierra wheel data 
8° look angle, vertical polarization 
C-band radar, 1130 RPM
F i g u r e  42 -  A u t o m o b i l e  w h e e l  d a t a
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14" '84 Cutlass Cierra wheel data 
10° look angle, vertical polarization 
C-band radar, 1130 RPM
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14" '84 Cutlass Cierra wheel data 
15° look angle, vertical polarization 
C-band radar, 1130 RPM
Figure 44 - automobile wheel data
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14" '84 Cutlass Cierra wheel data 
20° look angle, vertical polarization 
C-band radar, 1130 RPM
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14" '84 Cutlass Cierra wheel data 
25° look angle, vertical polarization 
C-band radar, 1130 RPM
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14" '84 Cutlass Cierra wheel data 
30° look angle, vertical polarization 
C-band radar, 1130 RPM
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Table 10
14" 1988 Chevrolet Celebrity wheel 
C-band, Vertical Polarization
Look
Angle
(degrees)
Frequency 
of Dominant 
Return 
(Hz)
Magnitude 
of Dominant 
Return 
(dBV)
Location 
of Dominant 
Scattering 
Center 
(inches)
Velocity
Error
Percentage
(%)
0 85 -56.63 0.69 5.34
5 1035 -69.78 8.48 65.22
10 985 -70.31 8.16 62.79
15 1295 -70.36 10.94 84.16
16 375 -66.52 3.18 24.49
20 190 -62.66 1.65 12.69
25 385 -59.1 3.47 26.67
30 95 -58.33 0.90 6.89
Table 11
14” 1988 Chevrolet Celebrity wheel 
X-band, Vertical Polarization
Look
Angle
(degrees)
Frequency 
of Dominant 
Return 
(Hz)
Magnitude 
of Dominant 
Return 
(dBV)
Location 
of Dominant 
Scattering 
Center 
(inches)
Velocity
Error
Percentage
(%)
0 1320 -92.72 6.65 51.18
5 1023 -88.9 5.18 39.82
10 975 -90.99 4.99 38.39
15 1023 -91.46 5.34 41.07
20 187.5 -87.03 1.01 7.74
23 770 -84.88 4.22 32.43
25 190 -84.66 1.06 8.13
30 285 -76.72 1.66 12.76
94
both the X-band and C-band radars. Notice that the dominant returns 
occurred from the radial locations of the wheel corresponding to either the 
lug nuts, or the holes in the rim. Figures 4 8 - 5 1  show dominant returns 
arising from this wheel.
4.3 Chapter conclusion
As seen in section 4.2, locations of dominant scattering centers can, in 
general, be ascertained by simply viewing a wheel, since dominant radar 
returns occur from sharp discontinuities.
Typical velocity error estimates were in the range of 25 to 35% for 
most of the data accumulated. Thus, a car travelling at 55 mph would 
appear to be traveling at 68 to 74 mph, while a car going 65 mph would 
appear to be going 81 to 88 mph.
The printouts presented in this chapter are for the most pronounced 
spectral returns. Complete sets of printouts for all the automobile wheel 
data taken are included in appendix C.
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14" '88 Celebrity wheel data
23° look angle, vertical polarization
X-band radar, 1130 RPM
Figure 48 - Automobile Wheel data
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14" '88 Celebrity wheel data
30° look angle, vertical polarization
X-band radar, 1130 RPM
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14" '88 Celebrity wheel data
16° look angle, vertical polarization
C-band radar, 1130 RPM
F i g u r e  5 0  - A u t o m o b i l e  w h e e l  d a t a
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14" '88 Celebrity wheel data
30° look angle, vertical polarization
C-band radar, 1130 RPM
F i g u r e  51 - A u t o m o b i l e  w h e e l  d a t a
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CHAPTER 5
CONCLUSION
The objective of this study was to measure the doppler radar profiles 
for a sample of rotating wheels in the X and C-bands in an attempt to locate 
the dominant scattering centers of the wheels. Relative measurements over 
a range of look angles from 0° to 30° from head-on for both vertical and 
horizontal polarizations were made and much useful data were obtained, 
but calibrated measurements were not possible due to the lack of a target 
with a known radar cross-sectional area. However, some very valuable 
insights were gained concerning velocity error assessments for radars 
"locking in" on rotating wheels.
The doppler radar data which resulted are important because the 
wheel was treated as a separate entity and the data are believed to be the 
first obtained on such a target. The primary findings of this thesis may be 
summarized as follows:
(1) The doppler profiles of wheels generate frequency shifts which can 
introduce errors into typical traffic control radars;
(2) The doppler profiles in like polarizations for different wheels differ 
significantly;
(3) The doppler profiles are different at different look angles;
99
100
(4) The doppler profiles are different for different transmitted
frequencies.
The most significant outcome was that the dominant scattering centers for 
an assortment of rotating wheels were found, which allowed calculation of 
vehicle velocity errors. These results confirm the hypothesis that a vehicle’s 
speed, as determined from a typical traffic control radar, would be in error 
if  the dominant return at the radar receiver should happen to occur from 
the wheel. A typical range of errors in vehicle velocity measurements was 
found to be 25 to 35%.
Although data were taken in both the C and X-band frequency 
ranges, data need to be taken at K-band, the relatively new radar band, to 
be assured that important scattering phenomena are not being overlooked 
at higher frequencies. Currently, the UND Electrical Engineering 
department does not have K-band microwave equipment, which prohibited 
taking measurements in this frequency range.
APPENDICIES
APPENDIX A
Antenna Radiation Patterns
This appendix contains the measured antenna radiation patterns for 
the X-band HGA, X-band LGA, and the C-hand antennas in both vertical 
and horizontal polarizations. The patterns were taken during a laboratory 
exercise as part of a microwave engineering course taught at the University 
of North Dakota. Patterns are presented in both the E and H planes for the 
X-band HGA, X-band LGA, and the C-band antennas, respectively.
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X-b n m l ,  1IGA r a d i a t i o n  pa t t e r n ,  ve r t i c a l  p o l a r i z a t i o n
F i g u r e  52 - A n t e n n a  R a d i a t i o n  P a t t e r n s
104
X-b a n d ,  1IC.A r a d i a t i o n  p a t t e r n ,  horizonLa.t p o l a r i z a t i o n
F i g u r e  5 3  - A n t e n n a  R a d i a t i o n  P a t t e r n s
X - b a n d ,  L G A  r a d i a t i o n  p a t t e r n ,  v e r t i c a l  p o l a r i z a t i o n
F i g u r e  54 - A n t e n n a  R a d i a t i o n  P a t t e r n s
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X-banil, LGA radiation pattern, horizontal polarization 
Figure 55 - Antenna Radiation Patterns

108
F i g u r e  57 -  A n t e n n a  R a d i a t i o n  P a t t e r n s
APPENDIX B 
Preliminary Spectral Data
Included in this appendix are selected data printouts from 
measurements taken on the bicycle wheel. The data taken with the X-band 
HGA radar is presented first, with the X-band EGA radar and C-band radar 
data following.
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X-band HGA, 25° look angle, vertical polarization, 
without masking, focused on top of wheel, 360 RPM
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X-band 11GA, 35° look angle, 
vertical polarization, 
no masking, 
focused on center of wheel, 360 RI’M
Figure 59 - Bicycle Wheel data
RANGE: - 4 7  dBV STATUS: PAUSED
START: 0 Hz BW: 7.  S3BB Hz STOP: BOO Hz
X: 37B Hz Y: 5 4 9 . 9  uVrms
X-band 1IGA, 35° look angle, vertical polarization, 
no masking, 
focused on center of wheel, 360 RPM
RANGE: - 4 7  dBV STATUS: PAUSED
B: T I M E  (R)
X: 12 .8 1 4  msec Y: 2 . 6 3 2  m V o lt
112
113
a
iu
in3<
a
in3h-<I-in
>CDn
i
UJCDZ<
a;
> N  H XJ J-> >N  > O  CD H cu a: t—1 in r-« HCD ^  -a a T-l •< ID O • a □1 U 1 h- > ■n >  \cn E E
X-band IIGA, 40° look angle, vertical polarization, 
without masking, focused on center of wheel, 360 RPM
F i g u r e  61 -  B i c y c l e  W h e e l  d a t a
S
TA
R
T:
 
0 
S
e
c 
S
TO
P
: 
4
0
0
 
m
S
e
c
X:
 
3
0
7
.5
 
H
z 
Y:
 -
5
4
.9
3
 
d
B
V
X-band HGA, 48° look angle, vertical polarization, 
without masking, 
focused on wheel center, 
360 RPM
Figure 62 - Bicycle Wheel data
RANGE: - 5 1  dBV STATUS:  PAUSED
A: MAG
START: 0 Hz BW: 9 . 5 4 8 5  Hz STOP: 1 000 Hz
X: 4 4 7 . 5  Hz Y: - 5 5 . 2 5  dBV
X-band I1GA, 55° look angle, vertical polarization, 
without masking, 
focused on top of wheel, 360 RFM
Figure 63 - Bicycle Wheel data
RANGE: - 5 1  dBV S TA T U S :  PAUSED
START:  250 Hz BW: 4 . 7 7 4 3  Hz STOP: 750 Hz
X; 425 Hz Y: 2 B 2 . 5  uVrms
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X-band HGA, 0° look angle, horizontal polarization, 
no masking, focused on center of wheel, 360 RFM
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X-band 1IGA, 20° look angle, horizontal polarization, 
without masking, focused on center of wheel, 360 RPM
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X-band IIGA, 20° look angle, horizontal polarization, 
without masking, focused on center of wheel, 360 RPM
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X-band IIGA, 25° look angle, horizontal polarization, 
without masking, 
focused on top of wheel, 360 RPM
RANGE: - 5 1  dBV S TA TU S :  PAUSED
A: MAG
X: 640 Hz Y: 30.37 uVrms
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X-band HGA, 30° look, angle, horizontal polarization, 
without masking, focused on top of wheel, 360 RPM
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X-band HGA, 40° look, angle, horizontal polarization, 
without masking, focused on center of wheel, 360 RPM
RANGE: - 5 1  dBV STATUS:  PAUSED
A: MAG
START:  0 Hz BW: 9 . 5 4 B 5  Hz  STOP:  1 000 Hz
B: T I M E  (R)
START: 0 Sec
X: 440 Hz Y: - B 3 .84  dBV
STOP:  400 mSec
X-band HGA, 55° look angle, horizontal polarization, 
without mask, 
focused at top of wheel, 360 RPM
Figure 70 - Bicycle Wheel data
RANGE: - 5 1  dBV S TA T U S :  PAUSED
A: MAG
S T A R T :  0 S e c  ST OP :  40 0  mSec
X: 215 Hz  Y: - 3 1 . 1 1  dBV
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X-band HGA, 40° 
with masking,
Figure 71
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look angle, vertical polarization 
focused on center of wheel, 360 RPM
- Bicycle Wheel data
X-band 1IGA, 45° look angle, vertical polarization, 
with masking, focused on top of wheel, 300 RPM
Figure 72 - Bicycle Wheel data
A: MAG
RANGE: - 5 1  dBV S T A T U S :  PAUSED
2
mVo 11
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uVo 11 
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S T A R T :  0 S ec  STOP:  400 mSec
X: 4 1 7 . 5  Hz Y: - 7 0 . 7 8  dBV
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X-band HGA, 45° look angle, vertical polarization, 
with masking, focused on top of wheel,360 RFM
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Figure 74 - Bicycle Wheel data
RANGE: - 5 1  dBV STATUS:  PAUSED
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A: MAG
-4
START: 0 Sec STOP: 400 mSec
X: 535 Hz Y: - 8 9 . 2 0  dBV
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X-band HGA, 30° look angle, horizontal polarization, 
with masking, 
focused on top of wheel, 360 RPM
RANGE: - 5 1  dBV S T A T U S :  PAUSED
A: MAG
Y: - 3 1 . 4 9  dBV
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X-bnnd IIGA, 40° look angle, horizontal polarization, 
with masking, focused on center of wheel, 360 RPM
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X-band LGA, 
20° look angle, horizontal polarization, 
without masking, 360 RPM
Figure 77 - Bicycle Wheel data
RANGE: - 5 1  dBV STATUS:  PAUSED
A: MAG
X: 5 3 7 . 5  Hz Y: 3 3 . 5 1  uVrms
Figure 78 - Bicycle Wheel data
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79 - Bicycle Wheel data
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Figure 80 - Bicycle Wheel data
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Figure 81 - Bicycle Wheel data
A: MAG
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C-band, 55° look angle, no masking, 360 RPM
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Figure 83 - Bicycle Wheel data
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Figure 84 - Bicycle Wheel data
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Figure 85 - Bicycle Wheel data
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RANGE: — 4 1 dBV STATUS:  PAUSED
START: 0 Hz BW: 9 . 5 4 8 5  Hz STOP: 1 000 Hz
X: 2 1 7 . 5  Hz Y: 1 . 8 6 2  mVrms
APPENDIX C
Automobile Wheel Spectral Data
This appendix contains complete sets of data taken for all the 
different hub caps examined in the thesis. The data has been included for 
the 15" Ford pickup data, 15" "big hub", 14" Ford LTD huh cap, 14" 
Oldsmohile huh cap, and the 14" Chevrolet Celebrity wheel, and has been 
presented in that order. For each huh cap, the X-hand data precedes the C- 
hand data in this appendix.
138
139
15" Ford pickup wheel data
0° look angle, vertical polarization
X-band radar, 1130 RPM
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15" Ford pickup wheel data
5° look angle, vertical polarization
X-band radar, 1130 RPM
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15" Ford pickup wheel data
10° look angle, vertical polarization
X-band radar, 1130 RPM
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15" Ford pickup wheel data
15° look angle, vertical polarization
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30° look angle, vertical polarization
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0° look angle, horizontal polarization
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5° look angle, horizontal polarization
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Figure 95 - Automobile Wheel data
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25° look angle, horizontal polarization
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5° look angle, vertical polarization
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15" Ford pickup wheel data
30° look angle, vertical polarization
C-band radar, 1130 RPM
F i g u r e  107 - A u t o m o b i l e  W h e e l  d a t a
S
TA
R
T:
 
0 
S
e
c 
S
TO
P
: 
5
0
0
 
m
Se
c
X:
 
3
7
2
 
H
z 
Y:
 -
5
2
.5
5
 
dB
V
161
□w
in~D<CL
mDh—<t-m
>mD
ini
LU
CD
z<ac
CD<
<
I
15" "big hub" wheel data
0° look angle, vertical polarization
X-band radar, 1130 RPM
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15" "big hub" wheel data
5° look angle, vertical polarization
X-band radar, 1130 RPM
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15" "big hub" wheel data
23° look angle, vertical polarization
X-band radar, 1130 RPM
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15" "big hub" wheel data
25° look angle, vertical polarization
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28° look angle, vertical polarization
X-band radar, 1130 RPM
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15" "big hub" wheel data
30° look angle, vertical polarization
X-band radar, 1130 RPM
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15" "big hub" wheel data
0° look angle, vertical polarization
C-band radar, 1130 RPM
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15" "big hub" wheel data
11° look angle, vertical polarization
C-band radar, 1130 RPM
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15" "big hub" wheel data
15° look angle, vertical polarization
C-band radar, 1130 RPM
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15" "big hub" wheel data
20° look angle, vertical polarization
C-band radar, 1130 RPM
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15" "big hub" wheel data
30° look angle, vertical polarization
C-band radar, 1130 RPM
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Figure 125 - Automobile Wheel data
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14" Ford LTD wheel data
10° look angle, vertical polarization
X-band radar, 1130 RPM
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Figure 128 - Automobile Wheel data
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14" Ford LTD wheel data
30° look angle, vertical polarization
X-band radar, 1130 RPM
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14" Ford LTD wheel data
3° look angle, vertical polarization
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14" Ford LTD wheel data
5° look angle, vertical polarization
C-band radar, 1130 RPM
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